Solute plumes were created in an unsaturated field soil with either flux application or by leaching an initial resident distribution (see Ellsworth et al., this issue). The spatial variance of the plumes initially increased with time between the soil surface and a depth of 2.5 m, within which the soil was a nearly structureless loamy sand. Below this depth, the plumes were observed to compress in the vertical direction as they moved into, and through, a region of subangular blocky structure and loam texture (between 2.5 and 4.0 m depth). As the solute moved below the layer of fine texture, the plume variance again increased with time. Using a transformed advection-dispersion equation description, two constant, field-averaged transport coefficients, V* and D}:, were determined in a scaled coordinate system from the moment equations. These two constant parameters were then used to predict the observed local, or plot scale, transport. Results indicate that the two constant parameters describe transport reasonably well at each plot site and over all sampling depths.
INTRODUCTION
The quest for an adequate description of downward chemical movement through unsaturated soil has been a major priority of soil and environmental scientists for many years. Early efforts at describing the transport process focused on characterizing movement under steady-state water flow through repacked soil columns whose lateral dimension was small compared to the vertical. Under such conditions, the advection-dispersion (or convection-dispersion) equation (ADE) with two constant coefficients (the velocity and longitudinal dispersion coefficient) became generally accepted as the consensus model for describing transport of mobile, nonreactive tracers [Nielsen and Biggar, 1962] . However, the basis for this selection was usually the degree of agreement shown between the model and the effluent concentrations of solute in miscible displacement experiments, which cannot evaluate whether the dispersion parameter in the model is constant without examining concentrations at different distances from the inlet end [Taylor, 1953] .
Although early field studies of solute movement at the plot scale used the ADE to describe experimental observations [Miller et al., 1965 agricultural field), the apparent dispersion coefficient required to fit the ADE model to the area-averaged data increased with distance from the inlet end [Butters and Jur3.,, 1989 ], (see also review by Gelhat et al. [1985] ). This phenomenon, called the dispersion scale effect, has been observed repeatedly in groundwater experiments [Pickens and Grisak, 1981; Sudick32 et al., 1983; Freyberg, 1986] .
The ADE is a scale dependent model, whose representation of the solute dispersion process at the scale of observation is only valid after sufficient time has elapsed for lateral mixing to smooth out differences in concentration caused by advection of solute at different velocities [Taylor, 1953; Gelhat and Axness, 1983; Dagan, 1984] . Thus, in many natural field soils, when the horizontal area is large, the ADE will not describe the area-averaged flow until considerable time has elapsed.
Most of the available information on large-scale solute movement has been obtained in groundwater experiments. The dispersion behavior observed in these experiments is usually attributed to heterogeneity in the saturated hydraulic conductivity of the aquifer [Pickens and Grisak, 1981 [Freyberg, 1986] .
For many applications in the unsaturated zone (e.g., movement to shallow groundwater or transport within the root zone) the lateral dimension of the field is much greater than the maximum depth of solute movement over the time of interest. Furthermore, area-averaged solute breakthrough curves obtained in the field using solution samplers indicate that the field scale velocity distribution is best characterized as a lognormal distribution [Biggar and Nielsen, !976; Butters and . For this reason, a number of models have been proposed for the field scale which ignore lateral 967 This article is a U.S. government work, and is not subject to copyright in the United States. Although these unsaturated zone models account for the influence of lateral variability of the soil parameters on solute transport, they all assume that the soil is homogeneous along the direction of flow. Yet, natural field soils are often more homogeneous in the lateral direction than in the vertical, because of the genesis factors influencing soil development [Sudicky, 1986; Kachanoski et [1989] indicate that the correlation length scale for saturated hydraulic conductivity may be an order of magnitude less in the vertical direction than in the horizontal, and may be short compared to the depth of interest for modelers of the unsaturated zone. In such cases, the parallel soil column approaches or transfer functions will not be able to estimate transport through the zone of heterogeneity.
An example of this failure was reported by , who observed a linear growth over the first 2 m of the longitudinal dispersion coefficient of an area-averaged bromide tracer added to the surface of a 0.64-ha field.
However, below this depth the apparent dispersion coefficient behaved erratically, even decreasing by 30% between 3 and 4.5 m, before increasing again significantly. The behavior was attributed to a change in the soil texture (from loamy sand to loam) below a depth of 2.5 m.
Vertical heterogeneity introduces significant problems into the description of solute transport. Aside from the increased measurement requirements to characterize additional soil layers, behavior of the solute at the interface between layers can have a significant effect on large-scale behavior by, for example, increasing lateral mixing or terminating preferential flow channels, both of which will substantially affect large-scale longitudinal dispersion. Adequate understanding of the influence of vertical variability in soil hydraulic properties on solute dispersion can only be gained by observing the transport process in three dimensions during transit through heterogeneous soil. This paper reports the results of an experiment designed to study the influence of vertical heterogeneity on longitudinal dispersion, performed on the same loamy sand field where saw irregularities in the dispersion process in a one-dimensional experiment. In our study, massive plumes of solute approximately cubical in shape were added to the soil at various locations on the 0.64-ha surface, leached for varying periods of time, and subsequently observed by high-density soil coring. The experimental methodology, mass recovery, and movement of the center of mass of the plumes were reported by Ellsworth et al. [this issue], who also provided a detailed examination of the vertical variations in the physical properties of the site.
VERTICAL HETEROGENEITY AND TRANSPORT
Measurements of gravimetric water content, soil texture, and bulk density, and visual observations of s0il structure were made within the field to assist our understanding of the site. These measurements showed that there was significant variability in the vertical direction within the field. For example, soil texture varied with depth from a loamy sand to a silt loam, and structure changed from virtually structureless near the soil surface to subangular blocky at a depth of 3.0 m. However, there appeared to be a comparatively high degree of horizontal homogeneity in these same properties. Upon analysis of the data from the second study phase, it was evident that the vertical plume variance initially increased between the soil surface and a depth of 2. All units are in centimeters, NA W is the net applied water at the time of sampling, Q and Q0 are as defined in (13) The parameters D* and V* zz can be estimated in a more rigourous fashion directly from the appropriate set of two equations ((14a) and (14b) or (lSa) and (15b)) since these two parameters are the only unknowns in the twodimensional system of equations. This latter method was chosen to estimate "field-averaged" transport parameters.
The reason for this choice was that there was no information available on spatial and temporal correlation structures within the field to form a basis for weighting different sites and sample events, such as the weighting that occurs using a regression equation to estimate the parameters (i.e., a plume which was sampled after a relatively short sample time or a plume which was sampled after a long travel time would both have a greater influence on the regression equation than a plume sampled in between l•hese extremes). Furthermore, this approach does not require the crude assumptions used to create Figure 4b. A two-dimensional Newton-Raphson scheme was used to solve the system of nonlinear equations. The results of these calculations are given in Table 2 which contains the moment estimates of D* and V* calculated directly for each sample event. The average and standard deviation for all sample events are also given in this table. The estimation of parameters for sample 12RLb was complicated by a 7-day delay between the final irrigation and soil coring which caused uncertainty in the estimate of Q. Therefore, because of the small variability in V* as observed in Table 2 Table 2 to predict the local, or plot scale, one-dimensional transport for both experiments in the fluid coordinates, using Q and Qo as given in Table 1 (Figure 6b, 9FLa) was underpredicted using the field average parameters. The cause of this deviation is not certain. A possible explanation may be the methods used to prepare the plot surface. In both experiments, the only plot surface which was not disturbed (i.e., without either rototilling or excavation) was that at site 9FL. Perhaps this enhanced some type of preferential flow process which was masked at the time of the subsequent two sampling events.
Resident Distribution Experiment
The experiment which examined the leaching of an initial resident distribution provided very different boundary and initial conditions than applicable to the flux application study. Site preparation also differed considerably; for example, in the resident distribution experiment the top 5 cm of soil was physically removed from the plot surface, uniformly mixed with a solute solution, replaced to the plot, and packed. Also, the only method of water application for the resident experiment was a sprinkler system, whereas in the ttux experiment trickle drip emitters were used in conjunction with the sprinkler system to apply the water and solute solution. Despite the considerable differences in experimental methodology, it is very interesting to note that the same two field average parameters which gave an accurate description of transport in the flux experiment also characterize the observed transport in the resident distribution experiment, as can be seen in Figures 7a-7d . As explained previously, Q was unknown for sample 12RLb, as a consequence of physical problems with the sprinkler system, which resulted in a 7-day delay between the final irrigation and beginning of soil sampling. Figures 7c and 7d show the predictions with the field average transport parameters based on different values of Q, with Q in Figure 7c from (13) and Q in Figure 7d estimated from (15) assuming V* is known (Q = 119.18). It is also apparent from Figures 7c and 7d that at the time of the final sampling at this site, the plume was not entirely contained within the sampled soil volume. Further evidence of this can be seen by comparing the mass recovered in this final sampling with the mass estimate obtained from the first sampling (12RLa). The estimate of mass recovered for sampling 12RLb was 75% of that computed from sample 12RLa (1.52 kg and 2.10 kg of chloride, respectively [Ellsworth, 1989] ). Based on the estimate of Q from (15), the field average D* parameter closely zz approximates the observed spreading at the final sampling of site 12RL. This is quite remarkable when it is recalled that solute was initially present in a narrow band of 0.75 cm width in the transformed coordinate system and at the time of this final sampling is spread out over 100 cm in the Z* space (which corresponds to over 400 cm in real space).
Transport Predictions in Real Space
Figures 5, 6, and 7, which illustrate in the fluid coordinate system the observed and ADE-predicted vertical transport at the plot scale for all sampling events in both experiments based on the field average parameters, provide convincing evidence that solute transport within the field, under both experimental conditions and notwithstanding the large degree of vertical variability in texture, structure, bulk density, and gravimetric water content, was reasonably modeled with the steady-state assumption and a simple two-parameter ADE model. However, it is important to note that the agreement among the different sites was not apparent by examining the data prior to the coordinate transformation, as a consequence of the vertical variability in volumetric water content.
To illustrate the influence of the variations in 0v with depth, Figures 8a and 8b show the measured and predicted curves in the real space coordinates at two sites (4FS from the flux experiment and 7RS from the resident distribution experiment). These figures were obtained by transforming the predicted curves into the real space coordinates using the measured water content at each site (numerical inversion of (1) modeled as approximately constant over the depth of transport. The fact that this was the case in the present study is quite interesting and merits future research.
The observations from this work, obviously specific to this site and experimental conditions, suggest that a laboratory experiment performed on an "undisturbed" soil column (which was large enough to characterize the variability represented in the soil cores taken at each sampling event) could be used to predict most of the field scale solute transport, if combined with field measurements of evaporation and volumetric water content. 
Qf-<Q
The derivative with respect to Q of either (A14) or (A15) reduces to the familiar formula for estimating the dispersion coefficient from sequential sampling of an individual plume, which is valid after the plume has moved away from the surface boundary and is free from any boundary restrictions [Freyberg, 1986] . Equations (A14) and (AI$) show explicitly the influence of the surface boundary on the plume variance.
APPENDIX B' EVALUATION OF P(Q) AND G(Q)
The Laplace transform of (6) with respect to Q is 
